Introduction
Spray cooling happens when liquid is atomized by specific devices such as nozzles into fine droplets which then impact on a heated surface. These droplets can spread on the surface, form a liquid film and/or evaporate directly or indirectly, removing large quantity of heat due to the latent heat of evaporation as well as substantial convection [1] . As a consequence it has been widely used in numerous applications such as electronic chip cooling [2] , skin protection during medical treatment [3] , alloy quenching in metallurgy [4] , and superheated steam cooling [5] .
Considerable studies have been conducted to understand spray cooling due to its high-flux removal ability and complexity. Firstly on heat transfer mechanisms, for example Liang, and Mudawar [6, 7] concluded that according to liquid boiling curves the spray cooling have different regimes including single-phase liquid cooling and nucleate boiling regimes with relatively high flux, low temperature mechanisms, and relatively high temperature transition boiling and film boiling regimes. Secondly on heat transfer enhancement, one way to im---------------prove the heat removal ability is to change the cooling medium characteristics such as using nanofluids instead of pure liquids [8, 9] and adding surfactants with a suitable concentration [10] . Another one is to change the structures of the flat heated surface such as increasing surface roughness [11] and processing fins [12, 13] and other micro-structures [14] . Thirdly on flow characteristics this aspect includes several fields such as droplet dynamics [15] , discharging rates [16] , and flow structures. For example, Vouros, et al. [17] studied experimentally the influence of heated surface on the development of jet sprays and found that heat flux from heated surface would influence the evolution of spray jet.
The previous studies have made some achievements and promoted the development of spray cooling technology as well as the understanding of spray cooling fundamentals especially thanks to advanced experimental devices like the phase Doppler anemometry. Nevertheless there are still many problems. For example, most research results come from smallscale laboratory experiments and the objects of study are always flat heated surfaces. The results can not be directly introduced into large-scale industrial applications without any similarity criterions. For example, fig. 1 shows a schematic of a patented product named as spray cooling rotary drum cooler. It is a downstream equipment of rotary hearth furnace for cooling direct-reduced iron (DRI) [18] from about 1400-500 K. Up to now it has already been used on many DRI production lines of steel-making industry in China. It always has several meters in diameter and tens of meters in length. The spray cooling system is so much different with those in laboratory-scale. For example the nozzles are always bigger which ensures high flow rate and low blocking possibility and the spray height is much greater for easy maintenance and less nozzle quantities. Even though the equipment has been in use, it is necessary to establish new understandings which will help the design, operation and optimization of the large-scale applications. Inspired by the considerations the numerical simulation method is employed to analyze the spray cooling performance under different conditions.
Model description

Physical model
The physical model comes from an industry-used spray cooling drum, see fig. 1 . Only one nozzle spray on a local part of the steel drum wall is the object of study. The outer diameter of the wall with thickness about 40 mm is 3.08 m, the center angle of the focused part is 60 degree (corresponding arc length 1.6 m) and the width (length in drum axis direction) is 1.0 m, which ensures full development of the spray, fig. 2(a) . The wall is considered to have uniform temperature and be stationary based on following reasons. Firstly the spray cooling heat flux is usually up to 10 6 W/m 2 while the wall has large thermal conductivity. Most importantly the wall has an extremely low rotating speed (usually 1-3 rpm) in real practice. The nozzle is solid-cone pressure swirl which is most commonly used due to its simple geometry and excellent atomizing performance [16] . 
Numerical model
Continuous phase model
The continuous phase is treated as incompressible and ideal air flow which always follows three conservation laws, i. e. mass conservation, momentum conservation and energy conservation. As the theory details could be found in [19] , the three laws are briefly introduced here and they are, respectively, given by:
where S m is the added mass in the continuous phase. 
Discrete phase model
Changes of motion and thermodynamics of the discrete phase (droplets) in the continuous phase (air) will happen due to interaction (contact or collision) with other droplets or boundaries. The droplet trajectory could be calculated by the differential equations of forces which in inertial co-ordinate systems given by: 
According to different thermal conditions, the droplets would follow three laws, i. e. evaporation, inert heating, and boiling. Phase change happens slowly during vaporization and fast during boiling. The droplet temperatures could be calculated by the heat balance equation which is expressed:
where h is the heat transfer coefficient which is given by:
For interactions with wall, the wall-film model is applied which is a specific condition for simulation of liquid droplets colliding with walls and forming thin films. Four regimes, i. e. stick, rebound, spread, and splash are based on the impact energy and wall temperature [19] . The critical temperature factor is set to be 1.0 and Stanton-Rutland impinging and splashing model is applied.
Discrete phase and continuous phase coupling
After the discrete phase is added to the continuous phase, the two phases will interact with each other in terms of mass, momentum and energy. When the droplet particles pass through the fluid domain the mass change is given by:
The change in momentum is expressed:
The energy change is calculated by:
Simulation procedure and conditions
The studies are carried out by following geometry building, mesh generation, boundary setting, mesh independence check, and formal simulations in sequence. In the simulations the Euler-Lagrangian method is employed to model the two phase flow based on ANSYS Fluent package Release 17.0. At the beginning the continuous phase flow field is calculated. And then droplets are injected and changes of trajectories, velocity and energy of the discrete phase are computed. Finally, the mass, momentum and energy change are taken as source terms into the continuous phase flow for coupling until convergence happens by monitoring the droplet flow and heat transfer processes. The simulation conditions are listed in tab. 1.
Model validation
The numerical model needs to be validated in order to obtain correct results. The spray cooling with same conditions as physical experiments [11] have been simulated on a small and flat heated surface. The nozzle has a spray half angle 30° and an orifice diameter 1.0 mm. The spray medium is deionized water with temperature 25 °C. The spray height is 15 mm and the effective flow rate is 41.6 L/h under an upstream pressure 0.3 MPa. The heated surface is copper with diameter 12 mm. Experiment details could be found in [11] . Computing domain geometry is built in size 25 × 25 × 25 mm (length×width×heigth) with symmetrical boundaries on both x-and y-directions, ensuring enough space for spray development. The local mesh refining technique is employed close to the heated surface. The mesh has been established with node number 4.26·10 6 after mesh independent check. Figure 3(a) shows the droplets spraying effect and the heat flux contours on the heated surface. Based on ANSYS Fluent post processing the overall sauter mean diameter (SMD) in the flow field is summarized to be 41.6 μm. Comparably, the droplet particles in physical experiment have an average diameter of 36.5 μm tested by a shadowgraph system [11] . For heat transfer performance the mean heat flux of a radial clip with diameter 12 mm is checked. Figure 3(b) shows the heat fluxes at different wall temperatures in simulations and experiments [11] . Same trend is shown as increasing wall temperature could improve the heat transfer performance. In a word, good agreements with a difference of 13% in SMD and error less than 20% in heat flux variation could be achieved which signifies that the numerical model is correct or reasonable at least. Hence the model could be applied for following simulations.
Results and discussion
Following the simulation procedures in model validation part, a 3-D domain outside the drum wall is established. Local mesh refining technique is employed to refine the mesh close to the drum wall. The mesh node number is 7.8·10 6 after mesh independence verification, fig. 2(b) . It takes about 32 hours for simulating a flow time of 0.5 second on the Intel I7 processor with 8 cores. Only the heat transfer performance is focused in following sections due to paper length limitations. Section Analysis of spray cooling process analyzes the spray cooling process of the basic case (P = 0.6 Mpa, T wall =673 K, T water = 282 K, spray height = 0.36 m). Parametric studies with single parameter changing are discussed in chapters on effects of upstream, spray height, water temperature, and wall temperature on heat flux, later in this paper. At last the influencing extents of studied parameters have been explored by Taguchi orthogonal experimental method.
Analysis of spray cooling process
When droplets interacted with the wall at the beginning, the local transient heat flux was greatly high to the order of 10 6 W/m 2 due to direct evaporation. However, the mean areaweighed heat flux on the whole curve wall was much smaller, about 5·10 3 W/m 2 . As time went by, the number of droplets reaching the wall increased and then remained stable. The average wall heat flux also increased and gradually maintained a balance to about 4·10 4 W/m 2 . Figure 4 (a) shows the variation of average wall heat flux. It took about 0.13 second to reach relatively stable stage. The heat flux in the relatively stable stage would keep fluctuating, which was because the droplet distributions on the wall were different over time. The heat transfer process remained steady after convergence, and fig. 5(a) shows the mean heat flux contours. The distribution shows concentric elliptical rings and the heat flux decreases with increasing elliptical radius. Lines A and B are the two axes of the elliptical rings. The two lines intersect at the center or stagnant point O, and the mean heat fluxes on both lines are shown in fig. 5(a) . It is worth noting that some experimental spray cooling could reach to 10 6 W/m 2 with strict conditions such as extremely small droplet diameters. These results coincide well with published findings [4] . It could be found in fig. 5(b) that no big differences exist in values of lines A and B which indicates that the effect of wall curvature is not remarkable yet because the wall diameter is much larger than the spray feature size namely spray height. fig. 6(a) . The contours are displayed as concentric circle rings, rather than elliptical ones, due to change in view orientation. 
Effect of spray height on heat flux
Spray height is an important design parameter. In this section the spray cooling performance for different spray heights at 270, 300, 330, and 360 mm, have been analyzed. Figures 7(a) and 7(b) show the corresponding top views of heat flux contours and the variations of mean heat fluxes with spray heights. It could be found that the mean heat flux keeps almost unchanged. However, descending heights will reduce spray area directly for the spray angle is fixed. Therefore, it can be inferred that the heat flux increases with decrease of spray height in effective spray areas. 
Effect of water temperature on heat flux
As is well-known, the temperature of cooling medium can directly affect heat transfer. In this section effects of different water temperatures at 282, 288, 293, and 298 K on spray cooling have been simulated. Figure 8(a) shows the mean heat flux contours. As expected the heat flux decreases gradually with increasing water temperature. The relationship among them shown in fig. 8(b) According to the Newton's law of cooling (given by q = hΔt, where h is the surface heat transfer coefficient), the heat flux has linear relationship with temperature difference if h is constant. For example in a heat exchange tube without phase change the heat flux would change linearly with heat transferring medium temperature. In the simulated spray cooling, however, the change becomes non-linear. The heat fluxes increase with decreasing water temperatures which indicates that the surface heat transfer coefficient has altered following water temperature change. The reason mainly depends on phase change in the spray cooling processes.
Effect of wall temperature on heat flux
Spray cooling is always applied where heat source temperature is greater than vaporization temperature of cooling medium. The higher the heat source temperature is, the quicker the vaporization happens. Therefore, the wall temperature is of much significance to spray cooling process. Different wall temperatures at 373, 473, 573, and 673 K have been simulated in this section and the mean heat flux contours are shown in fig. 9 When the wall temperature is low, phase transition process is not dominated and convection is the main heat transfer mechanism. When the wall temperature is much higher than the cooling water saturation temperature (T = 373 K at 1 atm), the droplet vaporization process, that is to say, phase change is prominent, resulting in a considerable improvement of heat flux. 
Comparison of parameter influence degrees
In this section the Taguchi orthogonal experimental method has been employed to compare the influence degrees of the aforementioned four parameters on average wall heat flux. Each factor has four levels so the scale of the orthogonal experimental design is L 16 (4 4 ), where L is the symbol of orthogonal experimental, 16 -the number of experiments, "4" -the 4 levels, and its superscript "4" -the 4 factors. An orthogonal experimental list with 16 cases is shown in tab. 2. All the results have been obtained with corresponding conditions (see tab.
2) by following the same computing methods.
It can be found that the influencing degrees of the four factors on the mean wall heat flux are: wall temperature > pressure > water temperature > spray height (by comparing F values). The effects of wall temperature, pressure and water temperature show significant (Sig. < 0.05) while the effect of spray height is not outstanding. The results could give many instructions to industry practice. For example the former three arguments should be focused, controlled strictly and maintained well for their importance. While for the spray height, a larger value could be selected when designing a spray cooling system, which on one hand is beneficial to installation and maintenance of spray devices and on the other hand will not affect heat transfer performance to a great extent. Variance analysis has been implemented to the orthogonal test results in tab. 2 and the analysis summary is followed in tab. 3. 
Conclusions
In this work the large scale industry applied spray cooling on curve wall has been simulated with verified numerical model. Effects of upstream pressure, spray height, water temperature, and wall temperature on the mean wall heat flux have been studied for a certain industrial solid-cone pressure swirl nozzle. It is found that the mean heat flux distributions are concentric elliptical rings on the curve wall. The mean heat flux increases with increasing upstream pressures and an exponential law could be fitted between them. The area-weighed heat flux on the whole curve wall keeps almost unchanged with decreasing spray heights, which infers to that the mean heat flux in the direct spray area on the curve wall enhances with descending heights. The water temperature and wall temperature determine superheat together and they are of much significance. Decreasing water temperature or increasing wall temperature will strengthen the heat flux and vice versa. Both cases show exponential relationship.
The influencing degrees of the four studied variables have also been compared by the Taguchi orthogonal experimental method and the result is: wall temperature > pressure > water temperature > spray height. The effects of wall temperature, pressure and water temperature are significant while the effect of spray height is not.
